The kidney is the major regulator of potassium homeostasis. In addition to the ROMK channels, large conductance Ca 2 þ -activated K þ (BK) channels are expressed in the apical membrane of the aldosterone sensitive distal nephron where they could contribute to renal K þ secretion. We studied flow-induced K þ secretion in BK channel a-subunit knockout (BK À/À ) mice by acute pharmacologic blockade of vasopressin V 2 receptors, which caused similar diuresis in wild-type and knockout mice. However, wild-type mice, unlike the BK À/À , had a concomitant increase in urinary K þ excretion and a significant correlation between urinary flow rate and K þ excretion. Both genotypes excreted similar urinary amounts of K þ irrespective of K þ diet. This was associated, however, with higher plasma aldosterone and stronger expression of ROMK in the apical membrane of the aldosterone-sensitive portions of the distal nephron in the knockout than in the wild-type under control diet and even more so with the high-K þ diet. High-K þ intake significantly increased the renal expression of the BK channel in the wild-type mouse. Finally, despite the higher plasma K þ and aldosterone levels, BK À/À mice restrict urinary K þ excretion when placed on a low-K þ diet to the same extent as the wild-type. These studies suggest a role of the BK channel a-subunit in flow-induced K þ secretion and in K þ homeostasis. Higher aldosterone and an upregulation of ROMK may compensate for the absence of functional BK channels.
The kidney is the primary site for regulating K þ homeostasis. 1, 2 Segments primarily involved in renal K þ secretion are the late distal convoluted tubule (DCT), the connecting tubule (CNT), and the cortical collecting duct (CCD), which are referred to as the aldosterone-sensitive distal nephron (ASDN). Basal K þ secretion in these segments involves the renal outer medullary K þ channel, ROMK (Kir 1.1 channel), and aldosterone has been shown to increase ROMK activity and abundance. [3] [4] [5] [6] [7] Aldosterone also stimulates the expression of the serum-and glucocorticoidinducible kinase 1, which enhances the abundance of the epithelial sodium channel, activates basolateral Na þ /K þ -ATPase activity, 8, 9 and thus increases the electrochemical driving force for K þ excretion. 10 In comparison, plasma aldosterone is suppressed and the abundance of ROMK reduced due to increased internalization and degradation under low-K þ diet.
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Aldosterone primarily affects transport mechanisms in late DCT and CNT, [12] [13] [14] [15] [16] whereas the K þ -secretion capacity in CCD may not be mobilized by the K þ content of westernized diets. 15 In accordance, mice lacking epithelial sodium channel activity selectively in the CD exhibit normal K þ (and Na þ ) excretion including normal plasma K þ and aldosterone levels in response to a high-K þ diet. 17 In the mammalian kidney, BK channels were localized in all nephron segments, mesangial, and vascular smooth muscle cells. 1 In the ASDN of rabbits, immunohistochemistry and electrophysiological recordings indicated that BK channels are localized to principal cells and intercalated cells (IC). 18 A functional BK channel is normally composed of four pore-forming a-subunits 19 and four auxiliary b-subunits. 20 In the mouse, the b 1 -subunit is exclusively expressed in CNT, whereas other subunits, b 2À4 , are present in non-CNT segments. 21 Basal BK channel open probability is relatively low, but the concept has been put forward that the auxiliary b 1 -subunit confers an enhanced sensitivity of the BK channel, which increases the open probability under physiological conditions. 16 Moreover, the single channel conductance of the BK channel is significantly greater compared with ROMK (B250 vs B35 pS).
Recent evidence points to a potential role of BK channels in renal K þ secretion in response to increased tubular flow rates. Flow-induced K þ secretion in isolated perfused CCDs of rabbits or rats was sensitive to inhibitors relative specific for BK channels. [22] [23] [24] [25] [26] Furthermore, BK-b 1 knockout mice lack K þ secretion in response to increased distal tubular flow rates. 21, 27 BK channels may also contribute to K þ homeostasis. In rabbits, a high-K þ diet upregulated BK channel mRNA and immunodetectable a-subunits in CCD. 18 In mice on a high-K þ diet, an enhanced K þ secretion in late DCT was found to be sensitive to iberiotoxin, 28 and electrophysiological studies in rat CCD revealed that a high-K þ diet increased the possibility of having BK channel positive patches as well as BK channel activity compared with standard diet. 29 This study was performed to gain further insights into the role of BK channels in flow-induced K þ secretion and K þ homeostasis by studying mice lacking the pore-forming a-subunit of BK channels (BK
À/À
). To this end we assessed in metabolic cage and clearance experiments the renal excretion of K þ in response to the vasopressin V 2 receptor (V 2 R) antagonist, SR121463. This maneuver is expected to selectively increase flow in segments exhibiting V 2 R-dependent water transport, that is in CNT and downstream CD segments. 30, 31 Moreover, we determined the influence of low-and high-K þ diets on urinary and fecal K þ excretion as well as on plasma K þ and aldosterone. Finally, we determined the effect of a high-K þ diet on the renal expression of BK channel a-subunit in wild-type (WT) and compared the response in ROMK expression between genotypes.
RESULTS

Basal kidney function and acute V 2 R blockade in anesthetized mice
No significant differences were observed in the basal period of clearance experiments between WT and BK À/À (n ¼ 6 and 5, respectively) in heart rate (520724 vs 575719 beats/min) or glomerular filtration rate (184728 vs 214721 ml/min). BK channels contribute to the control of vascular tone and previous studies have described a greater arterial blood pressure in BK À/À . 32 Confirming these findings, BK À/À had a higher mean blood pressure compared with WT (9474 vs 7577 mm Hg, Po0.05). Urinary flow rates (UV) were similar in the basal period and increased to the same extent in response to V 2 R blockade ( Figure 1a ). Fractional Na þ excretion was not significantly different between genotypes before or after V 2 R blockade nor was it influenced by the maneuver itself (data not shown). Absolute and fractional excretion of K þ (U K V and FE K þ , respectively) was likewise similar between genotypes in the basal period, but only in WT was the V 2 R blockade-induced diuresis associated with significant increases in U K V. Moreover, a significant correlation between UV and U K V was observed in WT but not in BK À/À (Figure 1b ).
Acute V 2 R blockade in awake mice
Basal urinary K þ excretion in 24 h metabolic cage experiments was not different between genotypes (Figure 2b) . In response to acute V 2 R blockade, WT and BK À/À (n ¼ 9 and 7, respectively) showed similar UV and U Na V in absolute terms (197720 vs 194722 nl/min/g bw and 10.372.4 vs 7.471.4 nmol/min/g bw, NS) as well as related to urinary creatinine, respectively (2.870.3 vs 3.070.7 ml/mmol and 125725 vs 106722 mmol/mmol, NS), over a period of 3 h. U K V, however, was significantly lower in BK À/À compared with WT (Figure 1c ), confirming the above results in anesthetized mice.
The control diet showed no significant differences in 24 h metabolic cage experiments between WT and BK À/À (n ¼ 10 
, high) for 6 days on absolute urinary (U) and fecal (F) (a and b) Na BK a-subunits in WT (Figure 3a ), but significantly greater renal ROMK protein expression compared to control diet only in BK À/À (Figure 3b ).
Control diet and high-K þ diet are associated with greater apical expression of ROMK in CNT of BK À/À CNT profiles were identified by three criteria: first, by their histotopography, they are located exclusively in the cortical labyrinth, preferentially arranged around the cortical radial vessel. Second, by double immunofluorescence for calbindin D28k (not shown); this protein is highly expressed in late DCT, somewhat less in CNT. Third, by the presence of ROMK-negative intercalated cells in the epithelial lining of the CNT. Using these criteria for analyzing the sections with the investigator blinded as to the experimental groups, genotypes showed no structural differences in the CNT and CCD segments under control diet. A high-K þ diet for 6 days induced significant hypertrophy of CNT segments (Figure 4 , upper panel). In both genotypes under control-and high-K þ diet, apical expression of ROMK was highest in the most proximal portions of the ASDN (late DCT and CNT) and declined toward more distal parts of the ASDN. Importantly, apical immunostaining for ROMK in CNT of BK À/À was stronger under control diet and even more so under high-K þ diet ( Figure 4, lower panel) . We did not detect any differences in staining intensity for ROMK in thick ascending limbs between genotypes nor between diets (not shown).
DISCUSSION
The present studies indicate that BK channel a-subunits are critically involved (i) in flow-induced renal K þ secretion and (ii) in the renal regulation of K þ homeostasis. The first conclusion is based on experiments that use V 2 R blockade to increase tubular flow rates. These studies revealed that only mice with intact BK channel a-subunits present increased U K V in association with enhanced tubular flow rates. The second conclusion relates to the evidence that BK À/À increase plasma aldosterone and upregulate ROMK to stabilize renal K þ excretion. As discussed in the following, the present findings indicate that in addition to ROMK, BK channels critically contribute to renal K þ excretion. BK À/À failed to increase U K V in response to increasing tubular flow rates by V 2 R blockade. As outlined in Introduction, this maneuver is expected to inhibit water reabsorption and thus increase tubular flow rates in CNT and further downstream segments of the CD, independent of Na þ delivery. This maneuver thus included the segment where BK channel-mediated K þ secretion may be of particular importance. 21, 26 Vasopressin by activating basolateral V 2 R may directly increase distal K þ secretion, 33 and therefore V 2 R blockade by inhibiting this influence could lower renal K þ secretion. The observed net increase in urinary K þ excretion in WT in response to V 2 R blockade indicated that such an influence is smaller than the flowinduced K þ secretion. In the absence of flow-induced K þ secretion, however, the stimulatory influence of V 2 R activation on K þ secretion may have been unmasked in BK À/À such that V 2 R blockade actually lowered absolute and tended to lower fractional urinary K þ excretion. These new results complement the previous pharmacological evidence 25, 26, 28 and the evidence derived from mice lacking the BK-b 1 subunit 21, 27 by showing that the presence of the pore-forming a-subunit is required for flow-induced renal K þ secretion. Increased plasma aldosterone and elevated blood pressure in BK À/À has been described before and the concept had been put forward that these mice have a primary hyperaldosteronism due to a loss of control of Ca 2 þ influx in glomerulosa cells of the adrenal cortex, thus leading to dysfunctional aldosterone secretion. 32 The present studies could reflect evidence for a secondary compensatory hyperaldosteronism in BK À/À that may relate to the fecal loss of Na þ but particularly to the homeostasis of K þ . BK À/À were reported before to have increased fecal Na þ loss associated with modestly lower K þ excretion in their feces compared with WT, 34 and this was confirmed in the present experiments under control diet. Lower fecal K þ excretion in BK À/À is thought to derive from impaired colonic K þ secretion, 34 whereas the reason for the fecal Na þ loss in BK À/À remains less clear, but increased colonic NaCl secretion and/or Na þ loss from further upstream intestinal segments have been proposed. 34 The fecal Na þ loss in BK À/À under control diet was partially compensated by lower U Na V.
This compensation was associated with, and thus may be the consequence of, greater plasma aldosterone levels. Notably, a high-or low-K þ diet abolished any significant differences between the genotypes in fecal K þ excretion and significantly reduced the fecal loss of Na þ in BK concentrations, glomerular filtration rate, or tubular flow rates in the ASDN (as estimated from UV) were also not different between genotypes. Actually, plasma aldosterone in BK À/À under control diet was similar to the values observed in WT in response to a high-K þ diet, and in WT these plasma aldosterone levels were associated with pronounced increases in U K V. Even if we consider that greater tubular flow rates also contributed to these pronounced increases in U K V in WT in response to a high-K þ diet, these findings made under control diet indicate impaired renal aldosterone responsiveness and K þ excretion in BK
. In other words, greater plasma aldosterone may serve in these mice to match U K V to K þ intake and stabilize plasma K þ under control diet.
In response to a low-K þ diet, BK À/À lowered U K V to the same extent as WT but they were able to do so while maintaining significantly greater plasma K þ and aldosterone. These findings further support the concept that the influence of these factors on urinary K þ excretion is impaired in the absence of BK channels. Possibly as a consequence of facilitated K þ preservation, BK À/À responded to a low-K þ diet with an attenuated increase in UV compared to WT. In response to a high-K þ diet, the absolute amounts of K þ excreted in the feces in both genotypes were in the same magnitude as under control diet. This indicates that in response to a high-K þ diet, both genotypes reabsorbed the bulk of K þ in the intestine and subsequently excreted the K þ by the kidneys. In BK À/À , however, an upregulation of U K V was associated with excessive plasma aldosterone levels compared with WT. The fact that plasma K þ values under these conditions did not differ between BK À/À and WT is consistent with an unidentified 'kaliuretic factor' involved in the regulation of renal K þ excretion. 35 A physiological role of BK channels in the renal response to an increased dietary K þ intake is further supported by the finding that WT increase the renal expression of the BK channel protein under these conditions. This is in accordance with previous findings in response to a high-K þ diet showing (i) upregulation of BK channel mRNA and immunodetectable apical a-subunits in CCD of rabbits 18 and (ii) enhanced iberiotoxin-sensitive K þ secretion in late DCT of mice. 28 Notably, in the present experiments the BK channels were only detectable by immunoblotting in the kidney of WT on a high-K þ diet but not under control diet. While an upregulation of BK channel protein expression in vasculature and mesangial cells can not be excluded, the different responses to high-K þ diet in BK À/À and WT suggests an upregulation of BK a-subunits in renal tubular cells of WT. Unfortunately, despite intensive efforts to detect BK channels along the nephron by immunofluorescence (from unfixed, aceton-or ethanol-, or paraformaldehydefixed tissue with and without various retrieval techniques) using six different antibodies, which have been demonstrated to work specifically in other tissues, 32,34,36-38 we were not able to detect specific signals in tubular epithelia in WT on control-or high-K þ diet. Since the antibodies specifically stained smooth muscle cells of the renal vasculature and the renal pelvic wall in WT but not BK À/À (not shown), we have no explanations for the lack of detectable binding in tubular epithelia, except that this possibly reflects the rather low expression levels of BK channels in tubular epithelia, which may relate to the rather high single channel conductance, or the antibody might not work in intact renal tubular structures.
Nonetheless, in BK À/À , the impairment of U K V seems not as severe as in kidney failure where fecal K þ excretion needs to be upregulated in proportion to oral K þ intake to establish K þ homeostasis. 39 It rather appears that in the absence of BK channels, a greater activation of the aldosterone system is sufficient to upregulate and adapt U K V to the increased intake.
Aldosterone and a high-K þ diet are known to stimulate renal ROMK activity. The stimulation by a high-K þ diet involves enhanced trafficking and/or reduced retrieval of existing ROMK channels to or from the apical plasma membrane, respectively, 40 whereas total renal ROMK protein expression is not affected 41 nor do the relative amounts of ROMK mRNA change in microdissected CCDs. 41, 42 Aldosterone-induced activation of basolateral Na þ /K þ -ATPase and apical epithelial sodium channel activity is also expected to increase the electrochemical driving force for apical K þ secretion. Moreover, application of exogenous aldosterone to rats with intact adrenal glands was shown before to upregulate ROMK mRNA expression in the kidney. 5 In this regard, it was observed in the present study that enhanced plasma aldosterone levels in BK À/À were associated with stronger apical staining of ROMK, particularly in the CNT, under control diet and even more in response to a high-K þ diet. Moreover, under the latter conditions, the excessively high plasma aldosterone in BK À/À was associated with and thus may have induced a greater renal ROMK protein expression compared with control diet. These findings are consistent with ROMK compensating in the absence of intact BK channels. Vice versa, a recent study in mice lacking ROMK provided evidence for upregulation of K þ secretion in the distal nephron that was sensitive to the BK channel blocker, iberiotoxin. 28 In summary, this study demonstrates the importance of BK channels in flow-induced renal K þ excretion and K þ homeostasis. Moreover, the concept is introduced that in the absence of BK channels, compensatory increases in plasma aldosterone and ROMK protein expression and membrane abundance, especially in the CNT, serve to stabilize K þ balance.
MATERIALS AND METHODS Animals
All animal experimentation was conducted in accord with the German Law on the Protection of Animals approved by local Ethical Committees. BK À/À mice were generated and maintained as described previously. 37 Gender-matched adult WT and BK À/À that were either litter-or age-matched with hybrid SV129/C57BL6 background (F2 generation) between 3 and 6 month of age were used. Mice were housed with free access to food (control diet: 1% K þ , 0.2% Na þ , no. 1324, Altromin, Lage, Germany) and tap water. For studying effects of
Metabolic cage experiments
With free access to tap water and control diet, mice were adapted to metabolic cages (Tecniplast, Hohenpeissenberg, Germany), and subsequently 24 h urine and feces collections were performed as described. 43 Na þ and K þ in feces or plasma, Cl À , Ca 2 þ , glucose, and creatinine were measured as described earlier. 43, 44 Thereafter, mice were fed a high-K þ diet for 6 days and metabolic cage experiments were performed. After recovery on control diet, mice were placed on low-K þ diet for 6 days and metabolic cage experiments repeated. After completing metabolic cage experiments at a given diet, 80 ml of blood were withdrawn by puncturing of the retrobulbar plexus under brief isoflurane anesthesia for determination of plasma Na þ , K þ , and aldosterone (RIA, DSL-8600, DSL, Webster, TX, USA).
In another set of experiments, WT and BK À/À were subjected to application of the V 2 R antagonist, SR121463 (1 mg/kg bw i.p., 3.3 ml/g bw 45 ), after emptying the bladder. Mice were immediately placed in metabolic cages for quantitative urine collections over 3 h without access to food or water as described before. 44, 45 Clearance experiments in anesthetized mice Mice were anesthetized with a-chloralose/ketamine and prepared for clearance experiments as described previously. 44, 46 Urine collections were made in a basal period (P1, 30 min) and a consecutive second period (P2, 30 min). After completion of P1 and 15 min before starting P2, SR121463 (1 mg/kg bw) was applied. Plasma samples (50 ml) were drawn midway in each period. Blood pressure and heart rate were monitored continuously (P23dB, Gould-Statham, Oxnard, CA, USA). Two kidney glomerular filtration rate was determined by [ 3 H]-inulin clearance.
Western blot analysis
Mice were anesthetized with ketamine/xylazin and perfused via the left ventricle with phosphate-buffered saline containing heparin (1:100). Kidneys were removed and decapsulated, cut into 6-8 pieces, and rinsed thrice with phosphate-buffered saline and twice with TN buffer (20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 2.5 mM DTT, 2.5 mM EDTA, 2.5 mM benzamidine hydrochloride, 2.5 mM PMSF, 1 mg/ml leupeptin) at 41C before homogenization with an Ultra Turax in 0.5 ml TN buffer. After centrifugation at 10 000 Â g (3 min, 41C), the supernatant was used for probing ROMK. For probing low abundant BK, supernatants were ultra-centrifuged at 100.000 Â g (1 h, 41C) to enrich plasma membranes. Sedimented membranes were homogenized with 0.12 ml TN buffer and snapfrozen in liquid nitrogen. Membrane proteins were separated by 8.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and blotted before immunodetection with antibodies against ROMK (Alomone) and BK channel a-subunit 36 using donkey anti-rabbit IgG conjugated with alkaline phosphatase (Dianova, Hamburg, Germany) as secondary antibody. ROMK and BK expression was densitometrically evaluated using BIODOC (Biometra, Göttingen, Germany) and quantified using p42/44 MAPK as an internal standard (antibody from Cell Signalling, Danvers, MA, USA).
Light microscopy and immunofluorescence
Mice were anesthetized with ketamin/xylazin and kidneys were fixed by vascular perfusion via the abdominal aorta. 47, 48 The fixative contained 3% paraformaldehyde and 0.05% picric acid dissolved in a 3:2 mixture of 0.1 M cacodylate buffer (pH 7.4, 300 mmol/kg) and 4% hydroxylethyl starch. After 5 min, kidneys were removed and rinsed for 30 min with 0.1 M cacodylate buffer at 41C. Pieces of tissue were embedded in epoxy resin, according to routine procedures. From these blocs, 1 mm section were cut and studied with high resolution by light microscopy. Six to 8 tissue slices were snap-frozen in liquid nitrogen cooled propane. For immunofluorescence studies, serial 5-mmcryostat-sections were cut and after microwave retrieval with 10 mM citrate buffer (pH 6.0), the kidney sections were processed for immunofluorescence. The sections were incubated at 41C overnight with anti-ROMK (1:1000; Alomone, Jerusalem, Israel) and the binding sites of ROMK were revealed by incubation for 1 h at B201 C with an Alexa-555-conjugated goat anti-rabbit IgG (Molecular Probes, Karlsruhe, Germany). The sections were coverslipped in Glycergel (Dako, Hamburg, Germany) with diazobicyclo[222]octan added as fading retardant. Immunofluorescence was analyzed using a Polyvar II microscope (Reichert and Jung, Bensheim, Germany) fitted with appropriate filter settings and equipped with a Visicam camera (Visitron Systems, Puchheim, Germany).
Statistical analysis
Data are expressed as means7s.e.m. Unpaired and paired Student's t-test were performed to analyze for statistical differences. Po0.05 was considered statistically significant.
